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Abstract 
The influence of electrolytical hydrogenation on fracture toughness, corrosion crack-growth resistance and fracture 
micromechanisms of operated 12Cr1MoV steel of thermal power plant superheater collector has been studied. Compact tension 
specimens were cut from perforated surface of thermal power plant superheater collector dismounted after 178,500 hours of 
operation. 
Corrosion crack-growth resistance under tension of previously hydrogenated compact specimens with fatigue cracks was studied.
Due to the increased concentration of hydrogen in solution an additional buffer was being created that prevents hydrogen leakage 
from the specimen through the fracture surface during the experiment.  
The hydrogenation causes the significant decrease of critical stress intensity factor Kc, during the experiment in 0.1 N NaOH 
solution as compared with critical stress intensity factor K of non-hydrogenation 12Cr1MoV steel obtained by the 5 % secant line 
method and in comparison with critical stress intensity factor Kc, determined through the J-integral.  
The areas of ductile crack growth in hydrogenated and non-hydrogenated specimens were found to have similar material fracture 
micromechanisms with dimples creation of different shape and size. But on the ductile crack growth area in hydrogenated 
specimens material intergranular fracture mechanisms were found caused by the hydrogen embrittlement which are similar to 
areas without ridges with the products corrosion traces. 
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1. Introduction 
For structural elements that operate in corrosion environments under loads that change slowly in time, there 
exists the danger of failure under stresses that are much smaller than calculated ones, especially in the presence of 
crack-like defects acquired during manufacture or operation. The slow deformation in the presence of corrosion 
(hydrogenated) environment worsens the strength properties and crack growth resistance of steel, reduces lifetime 
and causes premature fracture of machines elements and technological equipment (chemical reactors, nuclear 
reactors vessels, steam generators and superheaters collectors, pipelines).  
Therefore, to predict their strength and durability it is necessary to study the effect of hydrogenation on the crack 
growth resistance characteristics and fracture micromechanisms of steel under slow deformation.  
The effect of hydrogenation appears not only in heat-resistant steel plasticity characteristics decreasing Yasniy et 
al. (2008), Saxena et al. (2006), Castellote et al. (2007), but also in crack growth resistance Yasniy et al. (2006), 
Wada, Y et al. (2003), Kapel’ et al. (2010), Ryan et al. (2008), Marmy (2003). Specimens of Ti6Al4V and 
Ti5Al2.5Sn alloys have been loaded with 150 and 400 wppm hydrogen and irradiated with neutrons to a dose 
between 0.05 and 0.13 dpa, at 60 and 350 °C Marmy (2003). When tested at room temperature, the crack initiation 
fracture toughness decrease as the hydrogen content increases. Tested at 350 °C, both alloys show no dependence 
upon hydrogen content. 
Electrolytic hydrogenation after preliminary thermomechanical loading decreases the critical stress intensity 
factor of 15Cr2MFA steel (II) as compared with non-hydrogenated material Yasniy et al. (2006).  
The results of electrolytical hydrogenation effect study on crack growth resistance characteristics and fracture 
micromechanisms of operated steel of thermal power plant (TPP) superheater collector under slow deformation have 
been presented in the paper. 
The material of "hot collector" thermal power plant superheater boiler after 178.5 thousand operation hours was 
studied Yasniy, O. et al. (2013), Yasniy, V. et al. (2013). Fracture toughness characteristics and hydrogen cracking 
of heat-resistant steels were studied by tension of compact 12 mm thickness specimens. Compact specimens for 
crack growth resistance test were made from perforated area of TPP superheater collector. In all cases, compact 
specimens cut plane is perpendicular to the axis of collector tube, which corresponds to the L-R orientation 
according to the standard ASTM E399-90 (1997). 
2. Methods of study and material. 
To study the effect of operating conditions on the crack growth resistance of the collector material some compact 
specimens were hydrogenated according to the methodology Yasniy et al. (2008), Saxena et al. (2006), Castellote et 
al. (2007), Yasniy et al. (2006).  
The elastic-plastic fracture toughness of non-hydrogenated material was determined by tension of compact 
specimens on electro-hydraulic testing machine STM-100 at 25 оС in air. The loading rate of the specimens was 
within the recommended standard of ASTM E-1820-08a (2008). The critical value of J-integral J1c was determined 
by tests results of one specimen partial unloading method according to the standard ASTM E-1820-08a (2008).  
J-integral is composed of elastic and plastic components 
k el plJ J J  .   (1) 
The elastic component of J-integral was found by the formula 
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where Ki is stress intensity factor, which was defined for compact specimens according to formula presented in 
the standard ASTM E-1820-08a (2008); E is Young’s modulus, mode I; Q  is Poisson’s ratio. 
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This plastic component of J-integral was found by the following formula: 
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K ,   (3) 
where Apl(i) is work that is spent on plastic deformation of material in the vicinity of the crack tip; B is specimen 
width; b0=(W − a0) is uncracked ligament; a0 is original crack length; W is specimen thickness; η is coefficient,        
η = 2 + 0.522 b0/W. 
Corrosion crack-growth resistance was studied under tension of previously hydrogenated compact specimens 
with fatigue precracks according to the methodology Yasniy et al. (2008). To prevent the leakage of hydrogen from 
the specimens under slow deformation by tension at the clamps displacement rate of the testing machine equals to 1 
Pm/hour, the specimens were tested in 0.1 N NaOH solution at current density 100 mA/dm2 at 25 оС. Therefore, due 
to high concentration of hydrogen in solution the additional buffer was created to prevent hydrogen leakage from the 
specimen through the fracture surface during the experiment. After the study of the cracks growth rate to determine 
the shape of the final crack front, specimens were dried and broken afterwards at 25 оС in air. 
3. Results and discussion 
On the fracture surface of all tested specimens (hydrogenated and non-hydrogenated) ductile crack growth is 
observed in the middle part of specimens almost without going out on the observation surface which is accompanied 
by the lateral strands before quasi-brittle fracture. 
Fig. 1 (a, b) show the dependence of J-integral on displacement along the line of force Δi and on crack growth 
Δa, and elastic-plastic fracture toughness Jc value for non-hydrogenated 12Cr1MoV steel at 25 оС, respectively.  
Fig.1. (a) Dependence of the J-integral of non-hydrogenated specimen of 12Cr1MoV steel at 25 оС on load line displacement; (b) dependence of 
the J-integral of non-hydrogenated specimen of 12Cr1MoV steel at 25 оС on crack extension. 
Characteristics of fracture toughness of non-hydrogenated and hydrogenated steel are presented on Table 1. 
Table 1. Crack growth resistance characteristics of operated 12Cr1MoV steel at 25 ○С.  
Type of specimen Environment JІc,kJ/m0.5 KJc, MPa∙ m0.5 Kc, MPa∙m0.5 Kscc, MPa∙m0.5 
Hydrogenated 0.1 N NaOH 
solution 
   40-44 
Non-hydrogenated In air 234-272 227-244 79.9-84.4  
a b 
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Threshold of stress corrosion cracking KSCC of 12Cr1MoV steel was compared with the KC and KJc values of non-
hydrogenated steel under deformation by tension in air. 
Hydrogenation causes a significant reduction of critical SIF when tested in 0.1 N NaOH solution in compare with 
the critical SIF of non-hydrogenated 12Cr1MoV steel obtained by the 5 % secant line method and with critical SIF 
determined through the J-integral. 
Figure 2 shows diagram of 12Cr1MoV steel stress corrosion cracking obtained as a result of hydrogenated 
specimens tests. 
 
Fig.2. Dependence of the stress corrosion crack growth rate of hydrogenated 12Cr1MoV steel in 0.1 N NaOH solution on stress intensity factor. 
4. Fractographic studies. 
The fracture surface of the specimens was studied after fracture toughness tests on the scanning electron 
microscope SEM type-106Y (production of "SELMI", Ukraine). Fracture mechanisms were analyzed in the 
transition from fatigue cracks (1) to the ductile growth (2), at the area of ductile growth (Fig. 3).  
On the fractography of area transition from fatigue to ductile crack growth in hydrogenated and non-
hydrogenated specimen (Fig. 4 a, b) fatigue fracture of surface (left part of Fig. 4 a, b), ductile crack growth starting 
with dimples formation (right side of Fig. 4 a, b) and opening zone, crack tip stretching up to some critical value, 
causing crack growth or specimen fracture (middle part of Fig. 4 a, b) are observed. At the initial stretching zone 
formation the brittle inclusions are being fractured in the material, the micropores are formed, which result in ductile 
fracture by the mechanism of micropores coalescence. 
Fig.3. (a) Fracture surface of the specimen, tested on fracture toughness: A − notch; B − fatigue precracking; C − ductile crack growth; D – the 
area of final fracture at low temperature and scheme of its fractography study (points 1, 2). 
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Scanning Electron Microscopy images of a fracture surface are presented in Figure 4. Designation of the local 
areas is presented on Table 2. 
                Table 2. Fractography designation of hydrogenated and non-hydrogenated specimens of 12Cr1MoV steel after fracture toughness tests.  
№  
local area (Fig. 3) Hydrogenated specimen Non-hydrogenated specimen 
1 a b 
2 c d 
 
On fractographies of the ductile crack growth areas in hydrogenated and non-hydrogenated specimens similar 
fracture micromechanisms of material with dimples formation of different shapes and sizes (Fig. 4 c, d) are 
observed. The fracture surface of ductile crack growth area is significantly heterogeneous: from large dimples up to 
50 μm, which were created by significant material stretching to the small dimples of 5-10 μm size. In most dimples 
the inclusions that initiated the micropores formation were found. The significant depths of dimples and ridges 
height testify the plasticity accompanying fracture of the material and its ability to local plastic deformation. 
Secondary microcracks in the area of ductile crack growth are insignificant and rare. In the area of ductile crack 
growth in hydrogenated specimens the intergranular mechanisms of material fracture were found as a result of 
hydrogen embrittlement (left and bottom middle part of Figure 4 c), which have the form of platform without ridges 
with corrosion products traces. 
 
Fig. 4. (a, c) Fractographies of hydrogenated specimens regions of 12Cr1MoV steel tested in 0.1 N NaOH solution at current density of 100 
mA/dm2 at temperature 25 оС; (b, d) non-hydrogenated specimens tested in the air at 25 оС(designation presented on Table 2). 
a b
c d
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Hydrogen embrittlement occurs as a result of the migration of the dissolved hydrogen in metal to dislocations and 
their fitting (blocking). Therefore, the negative effect of hydrogen is shown mainly in plasticity reduction at low rate 
deformation, when the rate of hydrogen diffusion coincides with the dislocations rate. The absorbed hydrogen is 
accumulated mainly at grain boundaries, and it results in the formation of rudimentary cracks on this area and 
intergranular specimens fracture. 
4. Conclusions 
Hydrogenation of the operated 12Cr1MoV steel of collector reduces the critical stress intensity factor, which 
corresponds to the start of ductile crack growth in comparison with non-hydrogenated material approximately in 2 
times. It was determined that the area of ductile crack growth in hydrogenated and non-hydrogenated specimens 
have similar fracture micromechanisms of the material with dimples formation of different shapes and sizes. The 
fracture surface of ductile crack growth area is significantly heterogeneous: from large dimples up to 50 μm, which 
were created of significant material elongation to the small dimples 5-10 μm in size.  
But in the ductile crack growth area in hydrogenated specimens the material intergranular fracture mechanism as 
a result of hydrogen embrittlement was found that look like areas without ridges with the corrosion products traces. 
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